Tracheotomy is sometimes performed in extremely low gestational age newborns requiring prolonged ventilation. Studies suggest better neurodevelopmental outcomes in preterm newborns undergoing earlier tracheotomy (<120 days); however, guidelines for who should undergo tracheotomy and when to perform tracheotomy are unclear regarding infants receiving long-term positive-pressure support.
D espite increased use of gentler ventilation strategies and improvements in neonatal care, tracheotomy is sometimes performed in extremely low gestational age newborns (ELGANs) requiring prolonged ventilation. [1] [2] [3] Although the prevalence of tracheotomy ranges from 0.55% to 2.7%, the decision to perform tracheotomy is difficult since these infants often live with significant comorbidities, experience substantial complication rates, and have an increased risk of mortality. [4] [5] [6] [7] [8] This decision is further complicated by the fact that there is no currently accepted standard for when to evaluate the need for or perform a tracheotomy. [9] [10] [11] Most studies 10, 12, 13 have focused on indications and acute and long-term outcomes of tracheotomy. Although some studies have identified neonatal risk factors, many are limited by retrospectively collected data, single-institution data, or a broad spectrum of pediatric ages. Very few trials have addressed what factors may be helpful to determine the timing of tracheotomy, especially among ELGANs. A recent study 14 showed that, among premature infants who had a tracheostomy, those who had undergone surgery before 120 days of life had improved neurodevelopmental outcomes compared with those who underwent tracheotomy after 120 days. This finding suggests that the timing of tracheotomy is important and should be evaluated further. 15 The objective of our study was to determine the characteristics of high-risk ELGANs who undergo tracheotomy. This cohort underwent rigorous prospective data collection as part of a randomized clinical trial. We also evaluated the natural course of respiratory support requirements to determine whether respiratory support trends could help with earlier identification of infants who would undergo tracheotomy.
Methods

Study Population and Data Collection
The present study was a secondary analysis of infants enrolled in the randomized clinical trial known as the Trial of Late Surfactant (TOLSURF), which was conducted from January 10, 2010, to September 3, 2013. All data for this analysis were obtained from the TOLSURF database. TOLSURF has been described in detail. 16 In brief, infants who were 28 weeks' gestational age or less, intubated, and mechanically ventilated anytime between 7 and 14 days of life were included. Infants with major anomalies, active comorbidities, or life expectancy of less than 7 days at the time of screening were excluded from TOLSURF. Overall, 511 infants were randomized to receive late surfactant and inhaled nitric oxide or inhaled nitric oxide alone. There was no difference in the primary outcome in TOLSURF, defined as survival without bronchopulmonary dysplasia at 36 weeks' postmenstrual age, between the treatment and control groups (relative benefit, 0.98; P = .89). 16 The present study was conducted under the initial institutional review board approval. This secondary analysis was conducted on deidentified data and certified to not be considered human subjects research per University of California-San Francisco institutional review board policy. Written informed consent had been provided for the TOLSURF study.
Exposure Definitions and Study Outcomes
Per TOLSURF protocol, all respiratory support factors were measured 3 times per day up to clinical trial day 45 and recorded once daily thereafter until death or discharge. Mean airway pressure (MAP) was measured for all infants receiving positive-pressure support. Positive-pressure support included both invasive and noninvasive methods and was defined as continuous positive airway pressure using a mask covering only the nose or a mask covering both the nose and mouth, noninvasive mechanical ventilation, conventional mechanical ventilation, or high-frequency oscillator ventilation. Comorbidities were documented throughout hospitalization and were included in this analysis only if they occurred before tracheotomy was performed. Neonatal clinical data were collected prospectively into the study database maintained by the TOLSURF data coordinating center. The primary outcome of the present analysis was tracheotomy.
Statistical Analysis
We compared daily MAP up to 120 days of age in infants undergoing tracheotomy with those requiring positive pressure who did not undergo tracheotomy. The positive-pressure group included infants who were receiving positive-pressure support on a particular day; thus, an infant would be excluded while receiving nasal cannula support but would contribute MAP data later if positive-pressure support was restarted. We chose this age because there may be neurodevelopmental benefits in infants who receive tracheotomy before 120 days of life. 14 We then generated a mixed-effects model, with patientlevel random effects analyzed to account for repeated measurements within an individual to evaluate MAP during the first 120 days of life among infants who did not undergo tracheotomy vs those who did undergo the procedure. Once an infant underwent tracheotomy, the MAP data beyond the day of surgery no longer contributed to the model. Owing to the small number of outcomes, covariates known to be important for respiratory morbidity in preterm infants or known to be associated with tracheotomy were checked for adjustment in the model. We examined the effects of the following important, independent risk factors for potential inclusion in the model: gestational age, sex, birth weight, maternal race, antenatal corticosteroids, pulmonary hypertension, airway stenosis,
Key Points
Question What are the clinical indicators for tracheotomy in extremely low gestational age newborns?
Findings In this secondary analysis of a randomized clinical trial of 511 high-risk infants, 15 infants underwent tracheotomy; the mean age at tracheotomy was 126 days. Mean airway pressure declined in the no tracheotomy group, whereas it increased in the tracheotomy group, with the divergence occurring several weeks before the infants underwent tracheotomy.
Meaning In high-risk, extremely low gestational age newborns, mean airway pressure trends may help to guide clinical decisions regarding timing of airway evaluation and tracheotomy, which may have neurodevelopmental implications.
airway malacia, and the total number of reintubations. In addition, we analyzed respiratory support requirements at 90 days of life; infants who had already undergone tracheotomy were not considered for this analysis. We chose this age because most infants had reached term, an age when infants have more mature ventilatory control. Thus, we could describe how ventilatory requirements relate to the risk of receiving a tracheotomy after these premature infants were able to develop neurorespiratory control and chest wall stability. 17, 18 A t test and Fisher exact test were used when appropriate. A 2-tailed α value at P < .05 was considered significant. Statistical analysis was performed using Stata, version 14.0 (StataCorp). The present analysis was conducted from July 1, 2015, to March 29, 2016.
Results
Of 511 infants enrolled in TOLSURF, 15 infants (2.9%) underwent tracheotomy across 12 different sites. The mean age at tracheotomy was 126 days (95% CI, 108-144 days), which corresponds to a mean postmenstrual age of 43 weeks (95% CI, 41-46 weeks). Among those undergoing tracheotomy, 4 infants (26.7%) died before discharge; at discharge, 6 infants (40%) required mechanical ventilation at home, 3 infants (20%) were discharged to home with supplemental oxygen, 1 infant (6.7%) was on room air, and 1 infant's (6.7%) status was unknown after discharge to an outside hospital; at that time, the infant was still receiving mechanical ventilation. Overall, the mean (SD) gestational age was 25 (1.2) weeks, with a birth weight of 701 (165) g ( Table 1 ). There was no significant difference in gestational age, birth weight, or sex between the tracheotomy and no tracheotomy groups.
The presence of pulmonary hypertension was significantly higher in the tracheotomy group compared with the no tracheotomy group (53.3% vs 14.5%; absolute difference, 38.8%; 95% CI, 13.4% to 64.2%). Infants with airway abnormalities, specifically airway stenosis or malacia, were also more likely to have a tracheostomy (26.7% vs 1%; absolute difference, 25.7%; 95% CI, 3.3% to 48.1%; and 20% vs 1.4%; absolute difference, 18.6%; 95% CI, −1.6% to 38.9%, respectively). No infant in the tracheotomy group with airway stenosis or malacia died. However, 4 of 8 infants (50%) who underwent tracheotomy without airway stenosis or malacia died. Of these 4 infants, 2 died because of pulmonary hypertension and 2 from respiratory disease or bronchopulmonary dysplasia; none of the deaths was due to tracheotomyrelated causes.
Despite the low prevalence of tracheostomy in this cohort, there were substantial ventilatory requirements throughout hospitalization for the entire cohort ( Table 2) . Among all infants, the mean number of days of mechanical ventilation was 44 (95% CI, 41-47 days), with approximately 2 total weeks of high-frequency oscillator ventilation; however, infants in the tracheotomy group had significantly longer periods of respiratory support and more reintubations. Overall, 140 infants (27.4%) did not require reintubation. However, 34 infants (6.7%) were never successfully extubated, and most infants were reintubated either 1 or 2 times (270 [52.8%]) or at least 3 times (67 [13.1%] ). Prior to the surgery, infants in the tracheotomy group had a mean of 102 days (95% CI, 85-118 days) of mechanical ventilation and 114 days (95% CI, 96-132 days) of positive-pressure respiratory support.
In general, infants who underwent tracheotomy had higher MAP requirements, even when compared with the subset of infants with prolonged positive-pressure respiratory support who did not undergo tracheotomy (Figure 1) . Daily assessment shows that the mean MAP diverged several weeks before 120 days. After using the mixed-effects model, we found that the MAP increased over time in the tracheotomy group but declined in the no tracheotomy group (interaction coefficient, 0.05; 95% CI, 0.03-0.07; P < .00) (Figure 2) . None of the (Figure 3) . This incidence increased to 56.3% (9 of 16) for those with a recorded MAP greater than 10 cm H 2 O and 71.4% (5 of 7) for those with a MAP greater than 14 cm H 2 O.
Discussion
In this multicenter secondary analysis of a randomized clinical trial with prospectively collected data on select, high-risk ELGANs, we determined neonatal risk factors for tracheotomy and, to our knowledge, are the first to report and compare the progression of respiratory support in infants who do or do not ultimately undergo tracheotomy.
In our cohort, the daily point estimates of MAP and the mixed-effects model both suggest that infants in the tracheotomy group may be differentiated earlier in their neonatal course. The mixed-effects model accounts for day-to-day variation within an individual, which allows for determination of an infant's trend in MAP; in contrast, the point estimates measure MAP on a particular day, without respect to an individual's prior data. Furthermore, the mixed-effects model analyzes every patient, whereas the point estimate analysis is able to analyze only infants receiving positive-pressure support on a particular day. These differences are seen most clearly during the later days of hospitalization. This finding is likely 
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Individual patient trends are depicted in addition to overall trend (heavy lines) generated from the mixed-effects model. Thin gray lines correspond to infants who did not undergo tracheotomy; thin green lines correspond to infants who underwent tracheotomy. Abbreviations: CMV, conventional mechanical ventilation; HFOV, high-frequency oscillator ventilation.
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Characteristics of Low Gestational Age Newborns Undergoing Tracheotomy because the data are enriched for sicker individuals; for this group, infants who continue to receive positive pressure may appear to be more similar to infants who ultimately undergo tracheotomy when only point estimates are evaluated. The differences in these analyses do not change the importance of the results. We found that infants who ultimately undergo tracheotomy have increasing respiratory support needs over time, while those who do not undergo tracheotomy have decreasing needs. In addition, we showed that differences in these 2 groups could be seen several weeks before infants underwent tracheotomy. The decision to perform tracheotomy in infants with prolonged ventilation remains unclear and challenging. Clinical indicators that identify which infants could benefit from tracheotomy and when to perform the surgery are needed to help guide this decision, especially since there may be improved neurodevelopmental outcomes with earlier tracheotomy. DeMauro and colleagues 14 hypothesized that this improvement may be due to decreased sedation and an increased opportunity for parent-child interaction and focus on developmental enrichment. Previous studies 3, 7, 19 have focused almost exclusively on primary reasons for tracheotomy, complications, and long-term outcomes. Although guidelines for tracheotomy exist for specific diagnoses, such as craniofacial abnormalities or neurologic impairment, none exist for infants receiving long-term positive-pressure ventilation despite this ventilation being the most common reason for tracheotomy among preterm infants. 2, 3, [19] [20] [21] Few studies have sought to address this gap. Among infants weighing less than 1000 g, a case-control study 12 including 27 patients found that, on unadjusted analysis, the total number of intubations was associated with tracheotomy, which we also demonstrated in our study. A different study 22 also showed a positive association between the number of ventilation courses and tracheotomy, but this association was no longer observed after adjustment for other variables. Although these trials sought to identify risk factors for tracheotomy, they were limited by retrospective design. In contrast, our study analyzed longitudinal data of ventilator support that were collected prospectively. We showed that differences in MAP over time between the tracheotomy and no tracheotomy groups diverged well before tracheotomy was performed based on current clinical practice. Thus, unlike the total number of reintubations, which can be ascertained only at the end of hospitalization and could be related to other factors (eg, sepsis or surgery), an infant's trend in MAP, a variable more reflective of lung disease compared with intubation alone, may help to guide clinical decision making if infants are unable to be weaned off positive-pressure support.
Using MAP data over time may provide information about which infants are at high risk and when they should be evaluated for tracheotomy. This determination is important since these infants could have undiagnosed, underlying airway abnormalities and could benefit from intervention. A previous study 21 showed that, in very low-birth-weight infants with bronchopulmonary dysplasia, 17 of 18 infants (94.4%) who underwent tracheotomy had an upper airway abnormality when evaluated by direct laryngoscopy with bronchoscopy. Our study had a lower prevalence, with 7 of 15 infants (46.7%) having airway abnormalities. None of these 7 infants died, which suggests that those found to have underlying airway disease could derive the most benefit from earlier evaluation and placement of tracheostomy.
We acknowledge limitations to our study. Despite the large number of infants, only 15 had the outcome of interest, and data for individual decisions regarding tracheotomy were not collected. This limited number can make it difficult to draw definitive conclusions of clinical management for all infants who may undergo tracheotomy. However, these numbers reflect the reality of tracheostomy prevalence among preterm infants, with other studies reporting similar numbers. In addition, formal assessment of airway abnormalities and pulmonary hypertension was not performed in all infants. Thus, although we found an apparent association between airway malacia or stenosis and tracheotomy, many infants who were reported as not having these diagnoses were not likely to be assessed by direct laryngoscopy with bronchoscopy for confirmation. Similarly, not all infants received an echocardiogram or underwent cardiac catheterization, which is the standard for diagnosis of pulmonary hypertension. Thus, although airway stenosis or malacia and pulmonary hypertension were risk factors for tracheotomy in our cohort, this increased risk of ultimately undergoing tracheotomy may be biased since only infants with clinical suspicion for these conditions likely received additional evaluation. Finally, our cohort was composed of a select group of high-risk ELGANs from tertiary care neonatal intensive care units. Therefore, our results may not be generalizable to broader populations. Despite these limitations, we were able to compare infants undergoing tracheotomy with an internally valid control group, and our findings are consistent with those of prior studies that have reported similar rates of tracheotomy and increased risk among infants with a diagnosis of pulmonary hypertension. Furthermore, the use of longitudinal data allows us to recognize important implications about the difficult decision of who and when an infant could be reasonably evaluated for tracheotomy. 
